Rats are widely used for the studies of pulmonary toxicology in both juveniles and adults. To facilitate such studies, investigators have developed models of lung architecture based on manual or computerized airway measurements. However, postnatal growth of conducting airways of rat lungs has never been reported. In this paper, we present conducting airway architecture statistics for male Sprague-Dawley rat lungs at ages 15, 28, 40, and 81 days by analyzing CT images from airway silicon casts. Detailed branching characteristics and intersubject variance are presented. This study shows that (i) airway growth in diameter and length is not linear with age, (ii) growth of airway length is faster than that of diameter during the 15-81-day postnatal period, and (iii) asymmetry in airway diameter (ratio of major to minor daughter diameter) increases with age.
Introduction
Lung development disruption due to air pollution is attracting growing attention because children could be susceptible to air pollution insults via different mechanisms than adults are. For example, exposure to air pollution can cause irreversible disruption in the lung development, which is not as much of a concern for adults. Epidemiology studies suggest that adverse health effects due to air pollution can begin at early ages. Chronic exposure to air pollution is associated with reduced lung function (Kü nzli et al. 1997; Frischer et al. 1999; Peters et al. 1999; Avol et al. 2001; Horak et al. 2002; Gauderman et al. 2004 Gauderman et al. , 2007 RojasMartinez et al. 2007) . Children who exercise outdoors with high levels of air pollution have a greater risk of developing asthma (Gauderman et al. 2000; Pope et al. 2004) . Animal studies show that prenatal and postnatal exposure to air pollutants, including particulate matter, ozone, and tobacco smoke, impairs lung development in structure and function (Mauderly et al. 1987; Ji et al. 1997; Finkelstein & Johnston, 2004; Fanucchi et al. 2006; Mauad et al. 2008; Avdalovic et al. 2009; Lee et al. 2010 ).
Rats are widely used for studies of pulmonary toxicology, and details of rat lung architecture in the bronchial region have been obtained from manual airway measurements (Raabe et al. 1976; Yeh et al. 1979; Phillips & Kaye, 1995) and computerized analysis of lung CT images (Sera et al. 2003; Tawhai et al. 2004; Lee et al. 2008a,b) . There have been many studies on the development of rat lungs (Pinkerton et al. 1982; Bruce & Lo, 1991; Mizuuchi et al. 1994; Mauderly, 2000; Burri, 2006) , and Blanco (1992) suggested a quantitative model of postnatal formation of alveoli in rat lung. However, to our knowledge, there are no or very limited data for tracheobronchial airway architecture of rats at young ages and the corresponding course of development.
In this study airway size and branching patterns in the bronchial region of male Sprague-Dawley rats at 15, 28, 40, and 81 days of age are presented using computerized analysis of lung cast computed tomography (CT) images (Lee et al. 2008a,b) . Details of airway enlargement and changes in branching characteristics are described for each postnatal age studied. This study will aid in constructing realistic airway models at different ages and studies of pulmonary toxicology during lung development.
Materials and methods

Preparation of airway cast
Male Sprague-Dawley rats were delivered at specific ages 3 days prior to necropsy from Harlan Livermore (Livermore, CA, USA) where they were housed in protective barriers and routinely screened for common viral and bacterial pathogens. The animals were provided with 2018S rodent diet and microfiltered water ad libitum, and were housed in a HEPA filtered barrier. After the animals were delivered, they were housed in filtered air on Harlan 7084 pelleted bedding and provided with filtered water and Purina Lab Chow 5001 ad libitum until necropsy in Association for Assessment and Accreditation of Laboratory Animal Care-approved facilities.
Animals were euthanized with an injection of pentobarbital administered at a dosage of 0.5 mL kg -1 of body weight at 15, 28, 40, or 81 days after birth. Lungs were fixed in the chest via tracheal cannula with Karnovsky's fixative at 30 cm H 2 O pressure for 1 h, then removed from the chest and stored in fixative. Fixed lungs were placed in buffered saline prior to casting. Room temperature vulcanization (RTV) silicone was introduced to the lung through the trachea under a slight negative pressure ()80 mmHg) until it reached the distal airways. This study focuses on bronchial airway growth, so the casting was stopped before the silicone RTV fill the alveoli. The silicone RTV was allowed to cure for 48 h, after which the airway tissue was removed with bleach (details in Lee et al. 2008a ).
Lung architecture analysis
Lung casts were imaged using a commercially available microCT scanner, MicroCAT II (Siemens, Knoxville, TN, USA) in high resolution mode. The image was reconstructed using the Feldkamp reconstruction algorithm with corresponding pixel size of 53 lm for 81-day-old rats and 28.6 lm otherwise. Image resolution was 49 lm for 53-lm pixel images and 32 lm for 28.6-lm ones. Using a constant ratio of image resolution to airway size for each age would improve the consistency of the analysis. Generation-average airway diameter from a fine-resolution image could be a little smaller than that from a coarser image because some of the smallest airways may be lost due to the coarseness of the image, but the difference was not significant (< 5%) in our test using a 81-day lung cast. Custom software was employed to extract from these CT images the branching patterns of conducting airways, including airway diameter, length, branching angle, rotation angle and connectivity between airways (Lee et al. 2008a (Lee et al. ,b, 2010 . The custom software finds the best fit of a flexible bifurcation model to each airway of the CT image and produces an average error between the model and actual airway. This error increases when the airway size is comparable to pixel size or the software fails to find reasonable fit. Branching angle is defined as the angle between parent branch and its daughter branch. Rotation angle is defined as the angle between successive bifurcation planes, where the bifurcation plane is defined by a parent branch and its two daughters. Using computerized analysis of lung cast CT images, most conducting airways were measured. Airways were excluded from analysis for two reasons: (i) the error normalized by airway radius was > 20% or (ii) the airway radius was smaller than two pixels. Table 1 shows body weight change with age and total number of airways analyzed in this study. Figure 1 shows lung casts at postnatal ages of 15, 28, 40, and 81 days. Table 1 Body weight change with age and total number of airways analyzed in this study. Number of airways indicates the average number of airways per rat analyzed. This number does not show the change in the number of airways during growth. The difference in the number of airways between ages may depend on the casting condition and image resolution. More airways would be lost in the analysis for age 15 and 81 days because their pixel size compared to their airways is larger than that for 28 and 40 days. 
Results
Airway diameter and length as a function of generation with age
Airway diameter and length as a function of Weibel generation (Weibel, 1963) at each age are presented in Tables 2  and 3 . Figure 2 shows airway growth in (A,B) diameter and (C,D) length as a function of age. Both diameter and length grow nonlinearly with age in most generations except for distal generations, where the diameter grows quite linearly with age. Airway length grows with a very similar pattern in generations larger than four (Fig. 2D ). The intersubject standard deviation of diameter and length is about 6 and 10% of the average, respectively. Figure 2A ,D indicates that proximal diameter and distal length grow much faster before 40 days of age than after. Figure 3 shows the percent increase in airway diameter and length at 28, 40, and 81 days of age compared to age 15. From 15 to 40 days, proximal airway diameter grows faster than distal, whereas from 40 to 81 days, distal diameter grows much faster than proximal (Fig. 3A) . From 15 to 28 days of age, airway diameter and length enlarge at a similar rate, whereas after 28 days, growth in length is faster than in diameter. On the whole, length grows 20% more than diameter over the 15-81 day period.
For all ages studied, intra-subject variations in airway size were very large, which is consistent with previous study (Majumdar et al. 2005) . Large intra-subject variations result from the highly monopodial structure (a main branch with much smaller side branches) of rat airways. In contrast, intersubject variations in the airway size were very small.
It is well known that the ratio of major to minor daughter diameter (asymmetry) is large in the proximal airways, whereas the diameters of two daughters become similar (more symmetric) in distal ones (Phillips & Kaye, 1995; Lee et al. 2008b ). This trend is the same for all ages studied but asymmetry becomes larger as the lung grows. Asymmetry at 81 days of age significantly increases relative to age 15 (Pvalue smaller than 0.05) in 12 distal generations among 22 studied and in four generations among 22 after Bonferroni correction, which indicates that major airways grow faster than minor ones (Fig. 4) . P-value was calculated from Student's t-test.
Airway length to diameter ratio (L ⁄ d) is correlated with the ratio of daughter to parent diameter (d ⁄ d p ) (Fig. 5 ). This correlation is useful for constructing airway tree models. Length to diameter ratio at age 81 days is significantly larger than that at 15 days due to the larger growth in length compared to diameter (Fig. 3A,B) . Branching angle, rotation angle, and gravity angle Figure 6A ,B shows branching and rotation angle, respectively, as a function of generation at each age. Branching angles are similar for different generations. Rotation angles are smaller in the most proximal two generations, indicating that the first few airways branch rather inplane, whereas in subsequent generations they branch more out-of-plane. Neither branching or rotation angle change with postnatal growth. Gravity angle also did not change with age (figure not presented); average gravity angles are 84.9, 86.0, 87.6, and 86.8 at age 15, 28, 40, and 81, respectively. These values are slightly smaller than the value of 87.6 from Raabe et al. (1976) . In our work, gravity angle was calculated by assuming that the angle between trachea and gravity was 86° (Yeh et al. 1979) . Previous studies (Sera et al. 2003; Lee et al. 2008b ) showed that bifurcation angle is correlated with the ratio of daughter to parent diameter (d ⁄ d p ). Branching angle decreases almost linearly with d ⁄ d p , indicating that minor daughters turn more sharply than major ones, which is common for all the ages in this study (Fig. 7) . In conclusion, conducting airway branching characteristics do not change significantly during postnatal growth.
Discussion
Figure 8 compares this and previous studies (Raabe et al. 1976; Sera et al. 2003) on adult rats. Our data for airway diameter and length from 81-day-old rat lungs are very close to female data from Raabe et al. (1976) . In Raabe's data, the difference between gender was negligible, although measurements of the male rat were not complete. Our analysis was further verified by comparing Raabe's data (1976) with CT image analysis of a rat cast used in the Raabe's study (1976) .
For human lungs, Phalen et al. (1985) found that airway lengths and diameters in the tracheobronchial region are linearly correlated with body length (length from nose to rump) and a recent study by Rao et al. (2010) showed that luminal cross-sectional area grows linearly with body length at the trachea and the next four airway segments. Hieronymi (1961) indicated that proximal and distal airways grow equally but their diameters enlarge slightly faster than lengths up to 5 months. After 1 year, distal airway growth is 12-13% faster than proximal, and the increase in diameter is less than the increase in length. On the other hand, Hislop et al. (1972) indicated that each individual branch grows in a symmetrical fashion both in length and in diameter, and bears a constant relation to the whole. Horsfield (1977) investigated airways growth of dog lungs, indicating that the postnatal growth of the conducting airways of dog lungs is in constant proportion, both with respect to diameter and length. We could not directly investigate the relation between airways growth and body length as we did not measure body length in this study; instead, in our study body length was estimated using the relationship between body length and body weight of Wistar rats (Pullen, 1976) . Both airway diameter and length are linearly correlated with body length, especially in distal generations; for generations between 0 and 5, R 2 from the linear regression for diameter and length were 0.7735-0.878 and 0.6422-0.8681, respectively and for generations over 5, R 2 for diameter and length were 0.915-0.969 and 0.8128-0.958, respectively (see also Fig. 9 ). For generations < 5, diameter squared varies linearly with body length somewhat better compared with diameter, in agreement with Rao et al. (2010) . Body length had a linear relationship with the square root of body weight for Wistar rats (Pullen, 1976) . Therefore if this linearity is not true for Sprague-Dawley rats, the relationship between airway size and body length discussed above will not necessarily hold. Our data show that diameter growth in proximal airways is not linear with age, whereas diameter growth in distal airways is quite linear with age. Also, after 28-40 days of age, diameters of distal airways enlarge faster than proximal ones and length growth is larger than diameter growth, which is similar in human lungs (Hieronymi, 1961) but not in dog lungs (Horsfield, 1977) . As discussed by Phalen et al. (1985) , disagreement on airway growth patterns may be due to differences in techniques used, variability between individuals, and sampling problems. Computerized techniques used in our study made it possible to analyze enough subjects and nearly all conducting airways for each subject.
It is interesting that bronchial airway growth seems to parallel alveolar development. Growth rate in airway diameter varies linearly with the cube root of the total alveoli volume; diameter ratios at 28, 40, and 81 days compared to 15 days are about 1.21, 141, and 1.79 and the ratios of cube Fig. 3 Percentage change of (A) diameter and (B) length relative to age 15 days. Fig. 4 Ratio of major to minor daughter diameter (asymmetry) as a function of generation at age 15 and 81 days. *Asymmetry at age 81 is significantly larger than that of age 15 (P-value is < 0.05). root of the total alveoli volume at 28, 40, and 81 days compared to 15 days are 1.27, 1.47, 1.88, respectively (Blanco, 1992) . Increase in both the alveolus volume and the number of alveoli contributes to the increase of total alveolar volume; average alveolus volume is 3.3, 4.3, 5.3, and 7.9 (· 10 )5 mm 3 ) and number of alveoli is 24.5, 38.5, 48, and 68 (· 10 6 ) at 15, 28, 40, and 81 days, respectively (Blanco, 1992) .
A B
Differences and similarities in human and rat lungs should be carefully considered when rats are used as models in the toxicology studies. Postnatal lung development in humans and rats was well reviewed by Burri (2006) . In humans, alveolarization begins in utero and 85% of alveoli are formed postnatally and are completed at 2-3 years of age (Kotecha, 2000; Burri, 2006) . The rat lung is just a little less mature at birth than the human lung and undergoes the same developmental steps postnatally. At birth, in rats, the gas-exchange units are large, thick-walled structure termed saccules (Burri, 1974) . About day 4 after birth, septal subdivision of these saccules starts forming the alveoli and the septation should be completed during the first two postnatal weeks but alveoli continue to be formed up to 60 days of age (Burri, 1974; Blanco et al. 1989) . For both human and rat lungs, it is believed that the branching process in the bronchial region completes at birth. Bronchial airways grow linearly with body length until 16-20 years old and airway growth is more rapid from birth to 2 years old than thereafter (Phalen et al. 1985) . Considering the postnatal airway growth and alveolarization process, 2-week-old rats would correspond fairly well to 2-year-old humans and it seems reasonable to regard rats as adults from about 60 days after birth.
Even with these similarities in postnatal lung development in rat and human, the rat lung is quite different from the human lung in many aspects. Human lungs have a very symmetric branching structure, whereas rat lung has a highly monopodial structure (Raabe et al. 1976) . Particle clearance in rat lung is much faster than in human lung (Donovan & Zhou, 1995) . The rat nose is more efficient at trapping particles than the human nose, and minute ventilation per body mass for rat is much greater than for human (Phalen & Mendez, 2009) . In this study, we present details of conducting airways growth data by analyzing rat lung casts aged from 15 to 81 days. The conducting airways of the infant rats are not simply a miniature of those in the adult. Airways growth is not uniform with respect to diameter and length or with respect to distal and proximal regions.
